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A major challenge in operating multi-qubit quantum processors is to mitigate multi-qubit coherent
errors. For superconducting circuits, besides crosstalk originating from imperfect isolation of control
lines, dispersive coupling between qubits is a major source of multi-qubit coherent errors. We
benchmark phase errors in a controlled-phase gate due to dispersive coupling of either of the qubits
involved in the gate to one or more spectator qubits. We measure the associated gate infidelity using
quantum process tomography. In addition, we point out that, due to coupling of the gate qubits to
a non-computational state during the gate, two-qubit conditional phase errors are enhanced. Our
work is important for understanding limits to the fidelity of two-qubit gates with finite on/off ratio
in multi-qubit settings.
I. INTRODUCTION
In the past two decades the essential building blocks
of quantum computers based on superconducting cir-
cuits — high fidelity single- and two-qubit gates, high-
fidelity readout and state initialization — have been de-
veloped and steadily improved [1]. An essential require-
ment for scaling up present quantum processors towards
functional universal quantum computers is to ensure that
the performance of individual building blocks is main-
tained when combining many blocks into a larger pro-
cessor running operations in parallel. Two-qubit gates
are of particular importance since they limit the perfor-
mance of state-of-the-art quantum processors [1, 2]. Al-
though two-qubit gate errors at the 10−3 level have been
demonstrated on few-qubit devices or on isolated parts of
multi-qubit devices [3–7], the gate performance typically
degrades when operating multiple qubits in parallel for
performing larger computations [8–15]. Similar observa-
tions are made in quantum processors based on trapped
ions [14–17].
For superconducting circuits, two common reasons for
this discrepancy are physical crosstalk originating from
imperfect isolation of control lines, and the difficulty of
suppressing unwanted couplings between qubits. The lat-
ter contains couplings due to spurious electro-magnetic
modes as well as couplings present due to finite on/off
ratios of two-qubit gates. While isolation of control lines
and suppression of spurious electro-magnetic modes can
in principle be addressed with careful microwave engi-
neering, finite off-couplings in the form of dispersive cou-
plings [18–20] are characteristic for many of present two-
qubit gates [3–6, 21–23]. While dispersive coupling is key
to quantum non-demolition measurements across many
physical platforms [24–29], dispersive coupling in the con-
text of two-qubit gates can lead to coherent errors as well
as correlated errors. Both types of errors are known to be
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particularly harmful in the context of quantum error cor-
rection [30–35]. It is therefore important to characterize
those errors to their full extent.
Approaches to reduce dispersive couplings include op-
timizing gate parameters, such as increasing the fre-
quency detuning between qubits in the idle state, ap-
plying dynamical decoupling techniques [36–39], and de-
signing more complex passive [40] or tunable qubit-qubit
coupling circuits [41–44]. While the dispersive coupling
can in principle be brought to zero using tunable cou-
pling circuits with qubits in a certain frequency detuning
regime, the overhead in circuit complexity and control
hardware is significant. This motivates work to better
understand the limitations imposed by dispersive cou-
pling on conventional gate schemes. So far, phase er-
rors due to dispersive coupling have been characterized
and mitigated for the constituent qubits in the compu-
tational basis [36–39, 45–48]. Here, we benchmark er-
rors in the two-qubit conditional phase acquired during
a controlled-phase gate due to the dispersive coupling to
up to three spectator qubits and measure the associated
gate infidelity using quantum process tomography. We
show that for understanding the conditional phase error
it is necessary to take into account the dispersive shift of
the non-computational state involved in the gate.
II. DISPERSIVE COUPLING BETWEEN GATE
QUBITS AND SPECTATOR QUBITS
Two-qubit gates are frequently realized by resonantly
coupling computational states with each other or with
states outside of the computational subspace. One of the
most frequently used two-qubit gates is the family of dy-
namical flux gates, which includes the resonant iSWAP
gate [49, 50] and the higher-level induced resonant, non-
adiabatic [6, 51, 52] and adiabatic [3, 21] controlled-phase
gates. They rely on the dynamical flux-tunability of
qubit frequencies and are activated by tuning the two-
qubit states |01〉 and |10〉 into resonance or tuning the
|11〉 and |02〉 states into resonance, respectively. Here,
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2|0〉, |1〉, |2〉 denote the ground, first and second excited
states of a transmon qubit. In the idling state, the de-
tuning between the two qubits is much larger than the
coupling strength between them, suppressing the res-
onant interaction. However, a dispersive coupling re-
mains. Therefore, any qubit with a physical coupling
to the qubits interacting in the gate acts as a spectator
qubit, modifying the resonance condition of the gate and
thereby inducing gate errors.
The dispersive coupling between two transmon qubits,
taken here to be a gate qubit G participating in a two-
qubit gate and a spectator qubit S, is described by the
Hamiltonian
Hdisp/~ = (ζ1 |1〉G〈1|G + ζ2 |2〉G〈2|G) |1〉S〈1|S , (1)
see Appendix A. The dispersive coupling strengths ζ1, ζ2
are given by
ζ1 = 2J2
(
1
∆ + αS
− 1∆− αG
)
,
ζ2 = J2
(
− 1∆ +
2
∆− αG +
3
∆− 2αG −
4
∆− αG + αS
)
(2)
with the coupling strength J , the detuning ∆ = ωS −
ωG between the qubits, and the anharmonicity αG(S) =
(E12,G(S)−E01,G(S))/~ of the gate (spectator) qubit, with
Eij denoting the energy difference between the transmon
states |i〉 and |j〉. The term with prefactor ζ1 (ζ2) in
Eq. (1) describes the energy shift of the |1〉 (|2〉) state of
qubit G conditioned on the state of qubit S.
At the heart of the controlled-phase gate is the condi-
tional phase Φc acquired by the |11〉 state. In the pres-
ence of a finite detuning δ = (E|11〉 − E|02〉)/~ between
the |11〉 and the |02〉 states during the gate, Φc deviates
from its ideal value of pi. For the non-adiabatic variant
of the gate, which has a gate duration tg = 2pi/(2
√
2J),
it is given by
Φc = pi
(
1 + δ
2
√
2J
)
. (3)
Hence, a detuning δ arising from dispersive energy shifts
of the |11〉 and |02〉 states due to coupling to spec-
tator qubits causes a conditional phase error δΦc =
piδ/(2
√
2J).
We consider the generic case where the two qubits G1,
G2 interacting in the controlled-phase gate are coupled to
a spectator qubit S1 and S2, respectively, see Fig. 1(a).
The energy of the state |11〉 is shifted by the disper-
sive interaction with the spectator qubits by an amount
~(ζ1,S1 + ζ1,S2) with ζ1,Si denoting the dispersive shift
between the ith spectator qubit Si and its neighboring
gate qubit, see Fig. 1(b). The energy of the state |02〉
is only affected by S2 and is dispersively shifted by an
amount ~ζ2,S2. We thus find a dispersive interaction in-
duced detuning of
δ = ζ1,S1 + ζ1,S2 − ζ2,S2 = ζ1,S1 − ζ12,S2, (4)
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FIG. 1. (a) Spectator qubits S1, S2 are coupled to gate qubits
G1, G2 between which we perform a controlled-phase gate.
(b) Energy level diagram of the states |G1G2〉 = |11〉 and
|02〉, which are shifted due to dispersive interaction with the
spectator qubits. (c) Dispersive coupling strengths ζ1, ζ2, ζ12
as a function of detuning ∆ between the gate qubits. (d)
Qubit connectivity of the studied device. Numbers next to
the qubits indicate qubit idling frequencies in GHz.
with ζ12,S2 = ζ2,S2 − ζ1,S2 denoting the dispersive shift
of the |1〉 − |2〉 transition frequency conditioned on the
spectator qubit being in the |1〉 state. The disper-
sive couplings ζ1, ζ2 and ζ12 are plotted in Fig. 1(c)
as a function of detuning ∆ for J/2pi = 4.5MHz and
αG = αS = −300MHz. While ζ1 has divergences at the
two values ∆ ∈ {αG, −αS} due to the Jaynes-Cummings
type couplings |11〉 ↔ |20〉 and |11〉 ↔ |02〉, ζ2 diverges
at the four values ∆ ∈ {2αG, αG, αG − αS , 0} due to
the couplings |21〉 ↔ |30〉, |20〉 ↔ |11〉, |21〉 ↔ |12〉, and
|01〉 ↔ |10〉, respectively. All aforementioned resonances
must be taken into account for understanding the limita-
tions imposed on the two-qubit gate fidelity by spectator
qubits.
III. CHARACTERIZATION OF CONDITIONAL
PHASE ERRORS
For our study, we use the seven-qubit device introduced
in [53]. The connectivity as well as the idling frequencies
of the seven qubits Qi have been designed for error de-
tection in the surface code, see Fig. 1(d) for a schematic.
The idling frequencies are chosen to be the sweet spot
frequencies, at which the qubits are first-order insensi-
tive to flux noise [54]. The coupling strength between
neighboring qubits is J/2pi ≈ 4.5(2)MHz. We imple-
ment non-adiabatic controlled-phase gates [52] between
any pair of neighbors by applying a unipolar, rectangular
3current pulse to the flux line of one of the qubits. The
flux pulse has a duration tg ' 80ns and is filtered with
Gaussians with σ = 1 ns. The anharmonicities of the
qubits range from −290 to −305MHz.
We first study the situation in which the spectator
qubit acts on the gate qubit that remains in the compu-
tational subspace during the gate. For this purpose, we
consider Q1 as the spectator qubit and Q4 and Q2 as the
gate qubits, see inset of Fig. 2(c). We first calibrate the
controlled-phase gate with the spectator qubit prepared
in |0〉. We measure the conditional phase by perform-
ing two Ramsey type experiments on the gate qubit not
neighboring the spectator qubit (here G2 = Q2), with
the other gate qubit (here G1 = Q4) prepared in |0〉 and
|1〉, respectively, see Fig. 2(a). In each of the experiments
the phase of the second pi/2-pulse is varied, resulting in
sinusoidal oscillations of the excited state population of
Q2, see Fig. 2(b). The phase difference between the two
oscillations is the conditional phase Φc.
We first calibrate amplitude and length of the flux
pulse such that Φc = pi. We then repeat the conditional
phase measurement with the spectator qubit prepared in
|1〉, and take the difference between the two conditional
phase measurements to obtain the conditional phase er-
ror δΦc. We average each conditional phase measure-
ment 3.3×104 times and interleave in each repetition the
measurements with the spectator qubit in |0〉 and |1〉 to
reduce noise and the susceptibility to parameter drifts.
We obtain δΦc = −2.1◦ ± 0.2◦, which is in reasonable
agreement with the value calculated based on Eq. (3),
δΦc = piζ1/(2
√
2J) = −1.6◦.
Next we study the dependence of the conditional phase
error on the detuning ∆Q1,Q4 between the spectator qubit
Q1 and the gate qubit Q4. For this purpose we vary
the frequency of the spectator qubit during the condi-
tional phase measurement using a flux pulse applied to
the flux line of the spectator qubit. We interleave each
conditional phase measurement with a reference mea-
surement in which the spectator qubit is prepared in
|0〉. This is to account for both the spectator state-
independent frequency shift of the neighboring gate qubit
Q4 by J2/∆Q1,Q4 and for cross coupling between the flux
line of the spectator qubit and the SQUID loops of the
gate qubits. The extracted δΦc as a function of ∆Q1,Q4
is shown in Fig. 2(c). We observe that as the detuning is
decreased, δΦc increases and finally diverges at around
∆Q1,Q4/2pi ' 289 MHz, which is the absolute value of
the spectator qubit anharmonicity. The data reflects the
dependence of ζ1 on ∆Q1,Q4 and is well explained by our
model δΦc = piζ1/(2
√
2J) (solid line).
We now turn to the situation where the spectator qubit
couples to the gate qubit whose |2〉 state is involved in
the gate. Specifically, we choose Q3 as the spectator
qubit and Q1 and Q4 as the gate qubits, see inset of
Fig. 2(d). At the idling frequency of the spectator qubit,
corresponding to a detuning ∆Q3,Q1/2pi = −384MHz be-
tween spectator and neighboring gate qubit, we measure
δΦc = −6.3◦±0.2◦, in reasonable agreement with the cal-
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FIG. 2. Conditional phase and leakage errors due to spec-
tator qubits. (a) Pulse sequence for the conditional phase
measurement. Rectangular pulses are flux pulses, short RF
bursts represent pi/2 and pi-pulses, long RF bursts at the end
represent readout pulses. Dashed pulses indicate that mea-
surements are performed with and without that pulse. (b)
Example of a conditional phase measurement with the spec-
tator qubit in |0〉 (dark blue and dark green data) and in
|1〉 (light blue and light green data). The corresponding si-
nusoidal fits are shown as solid lines. (c) Conditional phase
error δΦc between Q4 and Q2 due to spectator qubit Q1 and
(d) δΦc between Q1 and Q4 due to spectator qubit Q3 as a
function of the detuning between the spectator qubit and its
neighboring gate qubit. (e),(f) Corresponding leakage errors.
(g) Conditional phase error δΦc from (c) and (d) as a func-
tion of detuning between the gate qubit states |11〉 and |02〉
during the gate. Solid lines in (c),(d),(g) are calculated based
on Eq. (3) and in (e),(f) on Eq. (5).
culated value δΦc = piζ12/(2
√
2J) = −6.6◦. Analogous
to the case described above, we measure the dependence
of δΦc on ∆Q3,Q1, see Fig. 2(d). δΦc increases as we
increase ∆Q3,Q1 towards larger negative values, until it
diverges and changes sign at ∆Q3,Q1/2pi ' −625MHz.
The data is qualitatively described by our model, which
shows a resonance at ∆Q3,Q1 = 2αQ1 + βQ1 due to res-
onant coupling of the states |Q1Q3〉 = |21〉, |30〉. Here,
βQ1 = (E23 −E12)~− (E12 −E10)/~ ≈ −35(1)MHz is a
4correction beyond Eq. (2), which takes into account that
E23/~ differs from E12/~ by more than the anharmonic-
ity, see Appendix A.
Since our model for the conditional phase error,
Eq. (3), depends only on the detuning δ between the
states |11〉 and |02〉 during the gate, it is instructive to
plot δΦc as a function of δ for both acquired data sets, see
Fig. 2(g). Both data sets are well described by the model
showing the expected linear dependence of δΦc on δ.
IV. CHARACTERIZATION OF LEAKAGE
ERRORS
Besides phase errors, a finite detuning δ during the
gate introduces leakage errors, i.e. after the gate a finite
fraction δL of the population remains in the |02〉 state.
The leakage error for one of the gate qubits prepared in
|0〉+|1〉 and the other gate qubit prepared in |1〉 reads
δL = 12
(pi
2
)2( δ
2
√
2J
)4
. (5)
The leakage error scales with the fourth power of the
small parameter δ/J and is therefore significantly smaller
than the phase errors.
To determine δL we measure the |2〉 state population
of |G2〉 at the end of each conditional phase measure-
ment. Subtracting the value obtained with the spectator
qubit prepared in |0〉 from the value obtained with the
spectator qubit in |1〉 yields δL. The extracted values of
δL are shown in Fig. 2(e) and (f) as a function of the de-
tuning between the spectator qubit and the neighboring
gate qubit for the situations corresponding to Fig. 2(c)
and (d). We observe a sizeable leakage error only at de-
tunings corresponding to a divergence of δ, in agreement
with a model based on Eq. (5), see solid lines in Fig. 2(e)
and (f). The base line defined by the data corresponds
to our measurement accuracy of the |2〉 state population,
which is about 10−3.
V. MULTIPLE SPECTATOR QUBITS
Next, we study how errors induced by multiple specta-
tor qubits add up. We consider the controlled-phase gate
between Q2 and Q4 and the three spectator qubits Q1,
Q6, Q7 coupling to Q4. After calibrating the gate with
all spectator qubits in |0〉, we measure δΦc for each of the
eight spectator qubit configurations, see orange circles in
Fig. 3. δΦc originating from spectator qubit Q1 is by a
factor three larger than δΦc originating from Q6 and Q7
because the dispersive coupling ζ1 between Q4 and Q1
is larger than between Q4 and the other two spectator
qubits. For the four configurations with multiple specta-
tor qubits in the |1〉 state, we observe that the measured
δΦc agrees well with the sum over the individual con-
tributions, where only a single spectator qubit is in |1〉.
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FIG. 3. Measured conditional phase error δΦc (orange cir-
cles) in the controlled-phase gate between Q4 and Q2 as a
function of spectator qubit configuration |Q1Q6Q7〉. Each
data point represents the mean of six measurements and er-
ror bars indicate one standard deviation. Open black squares
are calculated values (see text).
This shows the coherent nature of the spectator qubit
induced conditional phase errors. Overall our measure-
ments agree well with values calculated using Eq. (3) with
independently measured values for ζ1, see black squares
in Fig. 3.
VI. PROCESS TOMOGRAPHY
In addition to the conditional phase error between the
gate qubits, the dispersive coupling between a spectator
qubit and its neighboring gate qubit also introduces a
finite conditional phase between them and therefore mu-
tual dynamical phase errors, see Appendix B for details
and measurements. When considering only the subspace
spanned by the gate qubits, this error appears as a single-
qubit dynamical phase error δΦd = −ζ1(tg + 2tb + ts),
with ts = 53 ns the duration of a single-qubit gate and
tb = 5ns a buffer time which we add before and after the
flux pulse inducing the controlled-phase gate. For the
situation corresponding to Fig. 3 we find δΦd ≈ −3.5 Φc.
However, δΦc may exceed δΦd in absolute value for spec-
tator qubits coupling to the gate qubit whose |2〉 state
is participating in the gate and negative ∆S,G, see also
Fig. 1(c) and Fig. 2(d).
We characterize the joint effect of dynamical and con-
ditional phase errors on the controlled-phase gate be-
tween Q4 and Q2 by extracting the gate errors εCZ
from quantum process tomography measurements per-
formed for each of the eight spectator qubit configura-
tions discussed above. By subtracting the gate error from
an interleaved reference measurement with all spectator
qubits in |0〉, we obtain the increase in gate error δεCZ .
The reference measurements have a mean gate error of
εCZ = 2.7(2)%. To increase the signal-to-noise ratio in
our measurement of δεCZ we perform process tomogra-
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FIG. 4. Increase in CZ gate error δεCZ in presence of multiple
spectator qubits as a function of the total dispersive shift of
the gate qubit Q4 (orange circles). The top axis indicates the
states of the three spectator qubits during each measurement.
The solid line is a calculation of the gate error in presence of
phase errors only. Error bars are derived from a bootstrapping
method.
phy of three controlled-phase gates executed in series.
To obtain δεCZ of a single controlled-phase gate we di-
vide the obtained gate error increase by nine because the
gate error is a quadratic function of the phase errors, see
Appendix C.
We show the extracted values of δεCZ in Fig. 4 as
orange points, for each three-spectator-qubit state (top
horizontal axis). We find that phase errors are responsi-
ble for a gate error between 0.0-0.4% depending on the
three-spectator qubit state. The magnitude of the gate
errors introduced by spectator qubits is thus comparable
to the gate errors of state-of-the-art implementations of
two-qubit gates [3–7].
For the case studied here, both the dynamical phase
error and the conditional phase error are functions of the
total dispersive shift of the gate qubit Q4. The total dis-
persive shift of Q4 is determined by the spectator qubit
state |Q1Q6Q7〉 = |q1q6q7〉 with qi ∈ {0, 1}, and reads
ζ1,tot = q1ζ1,Q1 + q6ζ1,Q6 + q7ζ1,Q7. We therefore plot
δεCZ as a function of ζ1,tot, see bottom horizontal axis
of Fig. 4. We compare our data to a calculation (solid
line) of the gate error in presence of coherent phase er-
rors δΦc, δΦd only, see Appendix C. We find that the
qualitative dependence of the data δεCZ on ζ1,tot is well
captured by this model and shows the quadratic increase
expected for coherent phase errors.
VII. CONCLUSION
To conclude, we have studied how the performance of a
controlled-phase gate is affected by the dispersive always-
on coupling of the gate qubits to spectator qubits at de-
tunings and coupling strengths typical for our field. We
measured conditional phase errors of up to a few degrees,
causing gate errors of up to 0.4%. Our results suggest
that the widely employed dynamical flux gate needs fur-
ther conceptual improvement in order to operate at the
10−3− 10−4 error level desired for quantum error correc-
tion [55, 56]. We found that conditional phase errors are
particularly pronounced if the spectator qubit has a lower
frequency than the gate qubit whose |2〉 state is involved
in the gate. As a remedy, we propose that in such a con-
figuration the detuning between spectator qubit and gate
qubit |∆S,G| should be chosen to be significantly larger
than |2αG|. Finally, we envision that dynamical decou-
pling of idling spectator qubits can be used to mitigate
gate errors.
ACKNOWLEDGMENTS
The authors acknowledge contributions to the mea-
surement setup from S. Storz, F. Swiadek, D. Colao,
and T. Zellweger. The authors acknowledge financial
support by the Office of the Director of National Intelli-
gence (ODNI), Intelligence Advanced Research Projects
Activity (IARPA), via the U.S. Army Research Office
grant W911NF-16-1-0071, by the National Centre of
Competence in Research Quantum Science and Technol-
ogy (NCCR QSIT), a research instrument of the Swiss
National Science Foundation (SNSF), by the EU Flag-
ship on Quantum Technology H2020-FETFLAG-2018-03
project 820363 OpenSuperQ, by the SNFS R’equip grant
206021-170731 and by ETH Zurich. S. Krinner acknowl-
edges financial support by Fondation Jean-Jacques & Fe-
licia Lopez-Loreta and the ETH Zurich Foundation. The
views and conclusions contained herein are those of the
authors and should not be interpreted as necessarily rep-
resenting the official policies or endorsements, either ex-
pressed or implied, of the ODNI, IARPA, or the U.S.
Government.
AUTHOR CONTRIBUTIONS
S.K. conceptualized the work. S.K. and S.L. con-
ducted the experiments. S.L. and S.K. analyzed the data.
C.K.A. designed the device and S.K., A.R., G.N. and
M.G. fabricated the device. C.E. and A.W. supervised
the work. S.K., S.L. and A.W. wrote the manuscript with
input from all co-authors.
Appendix A: Dispersive Hamiltonian
Any pair of coupled transmon qubits on our seven-
qubit device, taken here to be a gate qubit G and a spec-
6tator qubit S, is described by the Hamiltonian
H/~ = H0/~ +HI/~
=
∑
i=G,S
(
ωi aˆ
†
i aˆi +
αi
2 aˆ
†
i aˆ
†
i aˆiaˆi
)
+ J(aˆGaˆ†S + aˆ
†
GaˆS)
(A1)
with aˆG, aˆS (aˆ†G, aˆ
†
S) the lowering (raising) operators of
qubits G and S, respectively. We diagonalize the Hamil-
tonian, expand the eigenenergies to second order in J ,
and transform into the rotating frame with respect to
H0, i.e. we subtract the unperturbed eigenenergies of H0
from the diagonal Hamiltonian. The resulting Hamilto-
nian contains the dispersive interaction terms denoted as
Hdisp in the main text and other dispersive interaction
terms not relevant for our study.
To correctly determine the frequency of the resonance
of the data shown in Fig. 2(d) we found it necessary to
extend the model Hamiltonian H0, which describes the
transmon qubit as an anharmonic oscillator with equally
decreasing energy level separation, Ei,i+1 = Ei−1,i + α,
by the term ∑
i=G,S
βi
6 aˆ
†
i aˆ
†
i aˆ
†
i aˆiaˆiaˆi. (A2)
This term takes into account that the transition fre-
quency from |2〉 to |3〉, E23/~, differs from E12/~ by more
than the anharmonicity, i.e. E23/~ = E12/~ + α + β.
As a consequence, the third term in the equation for ζ2,
Eq. (2) of the main text, becomes 3/(∆+2αG+βG). We
measured E23/~ of Q1 using a Ramsey experiment and
inferred βQ1 = −35(1)MHz, in good agreement with the
calculated value -31.5MHz obtained when diagonalizing
the transmon Hamiltonian of Q1 [54].
Appendix B: Dynamical phase errors
We first present measurements of the dynamical single-
qubit phase errors occurring on Q4 while it performs a
gate with Q2. The origin of the error is a dynamical
conditional phase error between Q4 and the spectator
qubits Q1, Q6, Q7, which appears as a single-qubit dy-
namical phase error on Q4 when considering the sub-
space spanned by the gate qubits Q4 and Q2. For a
given spectator qubit state the measurement consists of
two Ramsey-type experiments on Q4, one with the given
spectator qubit state prepared and one reference experi-
ment with all the spectator qubits prepared in |0〉. Anal-
ogous to the conditional phase measurement, in each ex-
periment we vary the phase of the second pi/2-pulse and
extract the accumulated phase by a sinusoidal fit. The
phase difference extracted from the two experiments is
the dynamical phase error δΦd. The extracted values are
shown in Fig. 5 for each spectator qubit state. The data
agrees well with values calculated from
δΦd = −ζ1,tot(tg + 2tb + ts), (B1)
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FIG. 5. Dynamical phase errors in presence of multiple spec-
tator qubits. Dynamical phase error δΦd (orange circles) on
Q4 during the controlled-phase gate between Q4 and Q2 as
a function of spectator qubit configuration |Q1Q6Q7〉. Each
data point represents the mean of two measurements. Open
black squares are calculated values (see text).
see black squares. In our calculation, the values of the
dispersive shifts ζ1,Q1/2pi = −133(2) kHz, ζ1,Q6/2pi =
−37(1) kHz, ζ1,Q7/2pi = −34(1) kHz entering ζ1,tot are
determined from Ramsey experiments.
Since dispersive coupling is mutual, there is also a
phase error δΦs on the spectator qubits. We measure
δΦs of Q1 while performing a gate between Q2 and Q4
using a measurement analogous to the one for δΦd. We
obtain δΦs = 7.4(5)◦ (δΦs = 5.8(5)◦) with the distant
gate qubit Q2 prepared in |0〉 (|1〉). The dependence
of δΦs on the state of the distant gate qubit arises due
to the state of the neighboring gate qubit Q4 making a
roundtrip between |1〉 and |0〉 conditioned on Q2 being in
|1〉. In effect, we expect δΦs = −ζ1(tg+2tb+ts) = 6.9◦ for
Q2 prepared in |0〉 and δΦs = −ζ1(0.5tg+2tb+ts) = 5.0◦
for Q2 prepared in |1〉, in reasonable agreement with our
measurements.
Next, we measure δΦs of Q3 while performing a gate
between Q1 and Q4. We obtain δΦs = 13.1(6)◦ (δΦs =
7.6(5)◦) for Q4 prepared in |0〉 (|1〉). Here, the depen-
dence of δΦs on the state of the distant gate qubit arises
due to the state of the neighboring gate qubit Q1 making
a roundtrip between |1〉 and |2〉 conditioned on Q4 being
in |1〉. The measured values are in reasonable agreement
with the calculated values δΦs = −ζ1tg−ζ1,id(2tb+ ts) =
12.9◦ and δΦs = −(0.5ζ1+0.5ζ2)tg−ζ1,id(2tb+ts) = 6.3◦,
respectively. Here, ζ1,id denotes the dispersive coupling
at the detuning corresponding to the idling frequency of
Q1.
Appendix C: Quantum process tomography gate
error
We calculate the contribution of coherent phase er-
rors to the gate error of a controlled-phase gate. The
7controlled-phase gate unitary in presence of a conditional
phase error δΦc and single-qubit dynamic phase errors
δΦd,1 and δΦd,2 on the gate qubits G1 and G2 reads
UCZ(δΦd,1, δΦd,2, δΦc) = (C1)
1 0 0 0
0 eiδΦd,1 0 0
0 0 eiδΦd,2 0
0 0 0 ei(pi+δΦc+δΦd,1+δΦd,2)
 , (C2)
The gate error or infidelity associated with phase errors
δΦc, δΦd,1, δΦd,2 only is given by
CZ,P = 1− Trace[χCZ(δΦd,1, δΦd,2, δΦc), χCZ(0, 0, 0)]
= 0.75− 0.125 [cos(δΦd,1) + cos(δΦd,2)
+ cos(δΦd,1 − δΦd,2) + cos(δΦd,1 + δΦd,3)
+ cos(δΦd,2 + δΦd,3) + cos(δΦd,1 + δΦd,2 + δΦd,3)]
≈ 0.25 δΦ2d,1 + 0.25 δΦ2d,2 + 0.1875 δΦ2c
+ 0.25 δΦd,1δΦc + 0.25 δΦd,2δΦc,
where χCZ(δΦd,1, δΦd,2, δΦc) is the process ma-
trix [57] associated with the two-qubit unitary
UCZ(δΦd,1, δΦd,2, δΦc). In the last step we have
performed a quadratic expansion in δΦd,1, δΦd,2, δΦc.
We note that the dynamical and conditional phase errors
are each the sum of the individual contributions from
each spectator qubit. Furthermore, for the parameter
range explored in this study, δΦd,i and δΦc have opposite
sign.
For the measurements related to Fig. 4 of the main
text we have δΦd,1 = −ζ1,tot(tg + 2tb + ts), δΦd,2 = 0,
δΦc = 0.5ζ1,tottg. We find good agreement between our
measurements δCZ and the calculated values CZ,P, see
Fig. 4 of the main text.
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